Wiskott-Aldrich syndrome (WAS) and X-linked thrombocy
W
to polysaccharides. 3, 4 Antibody responses to certain T-celldependent antigens such as bacteriophage fX174 are quanti-ISKOTT-ALDRICH SYNDROME (WAS), an Xlinked recessive disorder with variable clinical phetatively reduced with lack of amplification and failure to notype, 1,2 is caused by mutations of the WAS protein switch from IgM to IgG. 4 Abnormal function of WAS T (WASP) gene. Thrombocytopenia and small platelets are cells is suggested by diminished but not absent lymphocyte characteristic findings present in all WAS patients irrespecresponses to mitogens, 3 depressed proliferative responses to tive of clinical severity. Patients with a classic WAS phenoallogenic cells 4 and immobilized anti-CD3 monoclonal antitype present with eczema that may be severe, develop recurbody, 6 and failure to proliferate in response to periodate.
7 rent bacterial and viral infections due to abnormal immune Distinguishable from the classic WAS phenotype is a milder function, and have an increased risk of autoimmune diseases form designated as hereditary X-linked thrombocytopenia and malignancies. [1] [2] [3] [4] [5] Immunologic abnormalities typically (XLT). [7] [8] [9] [10] [11] In patients with XLT, eczema is mild, if present, observed in WAS are complex and involve both B-and Tand immune functions may be normal. The genes for both cell function. Affected male infants have a normal number WAS and XLT have been mapped to the pericentromeric of circulating lymphocytes but develop lymphopenia by 6 short arm of the X chromosome at Xp 11.22, 12,13 and seto 8 years of age due to a loss of T lymphocytes. 4 Most quence analysis of the WASP gene has identified mutations affected boys present with normal levels of serum IgG, modof the same gene in both phenotypes. 14, 15 erately depressed IgM, and elevated IgA and IgE. Antibody The gene responsible for WAS is composed of 12 exons responses are normal to some antigens and insufficient to containing 1,823 base pairs and encodes a 502-amino acid others. A consistent finding is a markedly depressed response protein 14 SH3 domains. 20 Interaction of WASP with SH3 domains of Submitted December 19, 1996 ; accepted May 27, 1997. selected signaling molecules has been demonstrated, includ- Lck, GAP, PLC-g, and Grb2) or SH2 (Fyn, GAP, PI-3, and PLC-RNA isolation and reverse transcriptase-polymerase chain reacg) glutathione S-transferase (GST) fusion protein agarose beads tion. RNA isolation, using a single-step method and Trizol (UBI, Lake Placid, NY) and 25 mL Sepharose in 500 mL lysis buffer (GIBCO-BRL, Gaithersburg, MD), and reverse transcriptase-polyat 4ЊC for 2 hours. After extensive washing, the pelleted beads were merase chain reaction (RT-PCR), using the SuperScript Preamplifiincubated with 20 mL 21 loading buffer at 95ЊC for 3 minutes, cation System kit (GIBCO-BRL), were performed as previously deand the supernatants were loaded onto SDS-polyacrylamide gel for scribed. 30 WASP cDNA was amplified by PCR in two overlapping electrophoresis. The membranes were incubated with anti-WASP fragments using the previously reported primers 28 The digested PCR products and the pd16 vector were ligated using products were electrophoresed in 5% polyacrylamide nondenaturing T4 DNA ligase (GIBCO-BRL) and competent cells (DH5a) transgels at 4ЊC. The mutations suggested by ddF were confirmed by formed using standard electroporation. Using the TNT in vitro Transdirect sequencing using selected primers and the fmol cycle-sequenclation system (Promega) and a nonradiolabeled amino acid mixture, ing kit.
plasmid DNA was translated and the product was used for Western DNA purification and sequencing of genomic DNA. DNA was blot analysis. extracted from B-LCLs as previously described. 30 Purified genomic DNA samples were amplified with primer pairs designed to span RESULTS the suspected mutation sites, including exon/intron junctions, using WASP-specific antisera. Expression of WASP was depreviously reported conditions. 28 The amplified DNA fragments were termined by rabbit anti-WASP antibodies raised against pepseparated by agarose gel electrophoresis and directly sequenced using the fmol cycle-sequencing kit.
tides encoded by exon 4 (Ab953), exon 7 (Ab503), and
Northern blot analysis. PolyA(/) mRNA samples isolated from exon 11 (Ab1468) ( Fig 1A) . Postimmunization sera but not 30 mg total RNA with the polyATtract mRNA isolation system preimmunization sera recognized a band of 62 kD in Western (Promega) were electrophoresed through agarose/formaldehyde gels blots generated from normal B-LCL lysates ( Fig 1B) . Ab503
and transferred to nylon membranes (Magna NT; MSI, Westboro, had the highest titer and the least background, and was used MA). The WASP cDNA clone M5.5, a 750-base pair cDNA fragin most experiments. Figure 1C shows that the protein transment of the WAS gene, was radiolabeled by random primer extenlated from the pd16-WASP plasmid DNA, but not that exsion and used as a probe for hybridization. A human actin cDNA pressed by a control plasmid containing the luciferase gene, probe was used to monitor mRNA loading.
was recognized by the anti-WASP Ab503, demonstrating all hematopoietic cells.
14 To examine WASP expression at members of 48 unrelated families. Seven unrelated patients had point mutations affecting either a regular or cryptic splice site or a nonsense mutation resulting in exon-skipping (RM). In patient BE with XLT and a score of 1, we found two splicing products: 70% of 20 RT-PCR clones generated from a B-LCL showed an insertion of 38 nucleotides derived from intron 6 resulting in frameshift and premature stop; however, 30% of the clones had a normal cDNA sequence and, on Northern blot, a normal quantity of mRNA. The presence of normal-size WASP in a cell extract, although considerably decreased in quantity, confirms this explanation (Table 1 and Fig 3B) . The other six patients with splice-site mutations had classic WAS phenotypes with scores of 3 to 5 and either a complete absence of WASP (SD, DMa, MB, and RM) or the presence of truncated WASP (BM and KP). The latter two patients, who are unrelated, have identical mutations that result in deletion of exon 11, frameshift, and loss of the termination one (JVT) had classic WAS and a score of 3 to 5. WASP, evaluated in 11 patients, was either truncated or unstable or, as in patient RP, not demonstrable (Fig 3B) . Patients RW and AG, who are unrelated but have the same mutation, 12 unique mutations, and were located either in exons 1 to showed multiple bands of WASP, suggesting unstable pro-3 (six patients) or exons 10 and 11 (seven patients). Mutatein or, less likely, multiple splicing products. tion hotspots observed include the known hotspots C290T
In vitro interaction of WASP and SH3 domains. To deter-(Arg86Cys), G291A (Arg86His), and C665T (Arg211 r mine whether wild-type WASP interacts in vitro with proteins stop) and the two splice-site mutations, t r c / 2 on intron containing SH3 domains, we used affinity precipitation and 9 and t r c / 2 on intron 11 (X2). In addition, a series of Western blot analysis to assess five SH3-GST fusion proteins five guanines at positions 1301 to 1305 were involved in (Fyn, Lck, GAP, PLC-g, and Grb2) and, as controls to rule out three unrelated families: a G insertion resulting in a nonspecific binding, seven SH2-GST fusion proteins bound to frameshift and stop at amino acid 494 was observed in two agarose beads. If the beads were incubated with normal Bfamilies, and a G deletion resulting in a frameshift and stop LCL lysate and the eluted proteins subjected to Western blot at amino acid 444 was observed in the third family.
analysis, SH3 domains of Fyn, Lck, PLC-g, and Grb2 were WASP expression by cells from WAS/XLT patients. Bfound to bind to WASP in vitro (Fig 4A) . However, the SH3 LCLs from affected males of 41 unrelated families and frozen domain of GAP and all SH2 domains studied (Fyn, GAP, PIPBMCs from two additional unrelated males were available 3, and PLC-g) failed to bind to WASP, suggesting that WASP for Western blot analysis of WASP (Table 1) . Selected blots selectively binds to many SH3 proteins and that the binding are shown in Fig 3. As expected, all eight patients with nonis not due to a nonspecific association. Attempts to confirm sense mutations, including three patients (TH, Kpe, and AT) the interactions between WASP and Fyn, Lck, PLC-g, and not shown in the figure, had a classic phenotype with scores Grb2 by in vivo coprecipitation experiments have been unsucof 3 to 5 and failed to express WASP (Table 1 and Fig 3A) .
cessful. To determine if mutated WASP from selected paFive of 20 unrelated patients with missense mutations had tients, known to express protein, can bind SH3-containing transitional mutations in exon 4. All five presented with a protein in vivo, we used a Fyn-GST fusion protein and affinity severe phenotype and had either WASP that was normal in precipitations. Mutated WASP was precipitated in vitro by amount and size (CC) or WASP that was barely detectable Fyn SH3-GST fusion protein agarose beads from lysates of by Western blot and appeared slightly shorter (MS, CH, and B-LCLs established from 12 WAS patients. Only patients ST) (Table 1 and Fig 3A) , although gene expression measured with demonstrable WASP in the cell lysates showed a band, by Northern blot analysis was normal in the three patients as demonstrated by direct Western blot analysis (Fig 4B) . studied (Table 1) . Of the remaining 15 unrelated patients with
The amount of WASP precipitated by Fyn SH3-GST agarose missense mutations, 14 had mutations located in exons 1 to beads seemed to correlate with the amount of WASP in the 3 and one in exon 9; all but one had a mild phenotype, cell lysate (Fig 3) . and where determined, all had normal mRNA expression and detectable WASP by Western blot analysis (Table 1 Abbreviations: aa, amino acid; del, deletion; ins, insertion. * Cell extracts from EBV-induced B-LCLs established from patients, except for IGo and DB, for whom only frozen PBMCs were available. † DH, the younger brother of TH, underwent bone marrow transplantation (BMT) during his first year of life; he had platelet abnormalities and mild eczema. Two of their uncles died in childhood of WAS, and 1 uncle is alive at 35 years of age with a score of 2.
‡ TD had a BMT at õ1 year of age, when he had platelet abnormalities and mild eczema. lines, erythroleukemia and myelogenous leukemia cell lines, and a megakaryocytic cell line. WASP was also present milder WAS phenotype described variably as XLT, ''isolated'' thrombocytopenia, and ''atypical'' or ''attenuated'' in human bone marrow-derived CD34 / cells, but not in nonhematopoietic cell lines. A protein, N-WASP, resem-WAS is caused by mutations of the same gene responsible for ''classic,'' ''full-blown'' WAS. 14, 15 bling the structure of WASP and having many of the same functional domains has been recently identified in nonhemaAttempts to correlate these strikingly different WAS phenotypes with specific genotypes have resulted in controvertopoietic cells.
41
To examine the effect of individual WASP mutations on sial interpretations. One group of investigators reported families whose affected males presented with the same clinical the clinical phenotype, we identified mutations of the WASP gene in 48 unrelated families. Twenty (50%) of 40 unique phenotypes, 2,32,37 whereas others have described families whose affected members had different phenotypes. 5, 38 To mutations observed in this group of patients have not been reported by others. 40 This heterogeneity has been observed assess the clinical phenotype objectively, we designed a simple scoring system based on characteristic clinical sympin other X-linked immunodeficiency disorders, and may reflect the high rate of new mutations characteristic for Xtoms. This allowed us to differentiate patients with symptoms limited to platelet abnormalities and bleeding (XLT) linked disorders. The most frequent mutations identified (20 of 48) were missense mutations, all but one within exons 1 from those with a classic WAS phenotype. To define in more detail the nature of each mutation, we not only sequenced to 4. The remaining 28 mutations consisted of nonsense mutations (eight families), deletions and insertions (13 famigenomic DNA but also examined the effect of the mutations on RNA transcription, expression of WASP in patient lymlies), and splice-site mutations (seven families) and were located preferentially in exons 7 to 11. Deletions and/or phocytes, and binding of mutated WASP to the SH3-containing protein-tyrosine kinase Fyn.
insertions affecting genomic DNA resulted in direct stop codons, frameshift and early termination, or, as in patient To quantify WASP, we generated rabbit polyclonal antibodies to three different peptides derived from WASP. The JVT, multiple gene products. Mutations affecting splice sites resulted frequently in multiple splicing products. antibody preparation (Ab503) we selected for most experiments was highly specific and suitable for immunostaining Table 1 mutations located in exons 1 to 3, with one exception, had detectable WASP expression or in truncated/unstable protein although normal amounts of transcript were present. The mild disease (a score of 1 to 2), and cell extracts contained WASP at concentrations that varied between 3.6% and 75% importance of exon 4 is further underlined by the observation that all of our patients with missense mutations in exon 4 of normal control values. The exception was JG, with a score of 5, who had two consecutive point mutations resulting in have developed a classic severe WAS phenotype with a score of 4 to 5. Insertions, deletions, and splice-site mutations led substitution of leucine by histidine at codon 35 and whose PBMCs had WASP of normal size and moderately reduced to the absence of WASP, unstable or truncated WASP, or multiple splicing products and, as a rule, were associated amount (30% of normal). Five patients with missense mutations affecting exon 4 presented with a classic WAS phenowith severe, classic WAS. The exceptions were two patients with complex mutations. Further analysis provided an explatype and a score of 3 to 5 and, with one exception, had barely detectable WASP of slightly smaller size. As exnation for their mild XLT phenotype. Patient BE, with a score of 1, has a g r a transition at nucleotide /5 of intron pected, patients with nonsense mutations lacked WASP and were found to have a classic WAS phenotype with a score 6, which does not completely inactivate the splice donor site.
As a consequence, a portion of the gene transcript is normally of 4 or 5. The 5 region of WASP (exons 1 to 3) where most missense mutations are located has been designated WH1 27 spliced and translated into a product of normal size by Western blot analysis. However, the dominant splicing product and has the characteristics of a PH domain. 41 We hypothesize that the amino acid substitutions (except Leu35His) located of this patient uses a cryptic splice site, and contains the 5 portion of intron 9, leading to frameshift and early terminain exons 1 to 3 of the WASP gene only partially inhibit the function of the protein, and affect platelet number and platetion. The other exception is patient JVT who, by genomic DNA analysis, has a T insertion at position 1,029. This mulet size, possibly by interfering with platelet release from megakaryocytes. 4 In contrast, exon 4 appears to be critical tation is expected to result in frameshift and premature termination three codons downstream of the T insertion for the stability and function of WASP, since most of the missense mutations we observed in exon 4 resulted in lack of (Asn335stop vealed that only approximately 25% (five clones) of WASP bly explaining the discordant WAS phenotypes observed in members of some families. 5, 38 cDNA derived from B-LCLs in patient JVT shows the T insertion. Two additional cDNA species were identified, one The proline-rich region of exon 10 contains multiple minimal PXXP motifs and two PPPPXXRG SH3 binding motifs with a deletion of the entire 407 nucleotides of exon 10, resulting in truncation, frameshift, and loss of the last nine and is considered important for the interaction of WASP with SH3-containing proteins. 16, [20] [21] [22] [23] [24] Using affinity precipitaamino acids of exon 12. The third and most frequent (10 of 20 clones) cDNA species identified in patient JVT had an tion and Western blot analysis, four of five SH3-GST fusion proteins were found to bind to WASP in vitro, including inframe deletion of the first 52 amino acids of exon 10. Whereas the former deletion translates into a severely trunFyn, Lck, PLC-g, and Grb2, suggesting that WASP may selectively bind to many SH3-containing proteins. To excated protein with loss of the proline-rich regions and the WH2 domain, 27 the inframe deletion of 52 amino acids replore whether mutated WASP loses its capability to bind to SH3 domains, we analyzed WASP in cell extracts from Bsults in a less truncated, stable protein of 450 amino acids, demonstrable by Western blot, and contains all known funcLCLs derived from selected patients with missense and nonsense mutations or splice-site mutations and deletions/insertionally important domains of WASP, possibly explaining the mild phenotype in JVT. A similar situation may account tions (not shown) by affinity precipitation of the Fyn-GST fusion protein. Whenever the mutation allowed protein exfor the mild WAS phenotype observed in a recently reported family whose affected members had both Fanconi syndrome pression, the Fyn-GST fusion protein was able to bind the mutated WASP, and the amount precipitated by Fyn SH3-and XLT. Sequence analysis of genomic DNA of these patients revealed a G insertion just one nucleotide downstream GST agarose beads correlated, in most instances, with the amount of mutated WASP present in the cell lysate. Since of mutation in patient JVT. 37 We conclude from this analysis that mutations affecting neither we nor others 40 have yet found missense mutations that selectively affect SH3 binding motifs, the importance the downstream portion of the WASP gene more effectively interfere with the function of WASP, causing a severe phenoof these motifs for the function of WASP and the direct interaction with SH3-containing proteins is unknown. type. In contrast, missense mutations located within the PH domain (exons 1 to 3) were consistently, with one exception, Although the function of WASP has not been clearly defined, recent observations support the hypothesis that WASP associated with a mild phenotype, presumably by leaving intact the functionally important cdc42 binding site, the SH3 plays a prominent role in the regulation of the actin/cytoskeleton system. Interaction of WASP with the small GTPase binding motifs, and the WH2 domain, which includes a verprolin and cofilin homology domain. 41 On the other hand, cdc42, a key element in the dynamic organization of the actin/cytoskeleton, has been suggested. 
